Introduction
Uric acid (UA) is the final product of purine metabolism and the serum concentration of UA (SUA) reflects the balance between dietary intake of purines, the synthesis of UA by xanthine oxidase (along with superoxide) and UA excretion, principally by the kidneys but also through the gastrointestinal tract.
1,2 Diuretic treatment is also associated with high SUA, probably because diuretics impair UA excretion.
As well as potentially reflecting oxidative stress as a consequence of xanthine oxidase activity, 1 UA may itself have harmful effects such as increasing expression of cytokines and chemokines, inducing inflammation, impairing endothelial function and activating the renin-angiotensin system. 2 Hyperuricemia is common in many forms of cardiovascular disease, including heart failure (HF). 3 In patients with acute and chronic HF, higher SUA is associated with worse clinical outcomes. 4, 5 Whether SUA is an independent predictor of outcome is less certain as renal function and use of diuretics (and diuretic dose) has been variably adjusted for. Additionally, only one prior study has adjusted for natriuretic peptide levels and that was a study in acute HF. 6 The effect of treatments for HF on UA concentration is also of interest and UA lowering agents have been investigated as a potential therapy for HF. 7, 8 We have, therefore, examined the predictive value of SUA in the Prospective comparison of ARNI with ACEI to Determine Impact on Global Mortality and morbidity in Heart Failure trial (PARADIGM-HF) 9 and determined the effect of sacubitril/valsartan (formerly known as LCZ696) on SUA.
Methods

Patients and procedures
The design and primary results of PARADIGM-HF have been reported previously. 9 -11 Briefly, PARADIGM-HF was a randomized, double-blinded comparison of the ARNI sacubitril/valsartan with enalapril in patients with chronic HF with reduced ejection fraction (HFrEF). Eligibility criteria at screening included New York Heart Association (NYHA) classes II-IV, left ventricular ejection fraction (LVEF) ≤ 40% (changed to ≤35% by amendment), and elevated natriuretic peptides. Exclusion criteria at screening included symptomatic hypotension or systolic blood pressure < 100 mmHg, estimated glomerular filtration rate (eGFR) <30 mL/min/1.73 m 2 , and potassium >5.2 mmol/L.
On trial entry, ongoing therapy with angiotensin-converting enzyme (ACE) inhibitor or angiotensin receptor blocker (ARB) was stopped and patients entered sequential run-in, first receiving enalapril 10 mg b.i.d. for 2 weeks followed by sacubitril/valsartan for additional 4-6 weeks up titrated from 100 mg to 200 mg b.i.d. Patients tolerating both drugs at these target doses were randomly assigned to double-blinded therapy with sacubitril/valsartan or enalapril in a 1:1 ratio.
Measurement of SUA was performed at screening, during run-in (when changing from enalapril to sacubitril/valsartan), at randomization, and after 2, 4, and 12 months of follow-up and yearly thereafter. Evaluations of SUA were performed through a central laboratory. The upper limit of normal for the SUA assay used was 8.0 mg/dL for men and 7.3 mg/dL for women aged 66-90 years, and 6.9 mg/dL for women aged 18-65 years.
Outcomes
The primary endpoint in PARADIGM-HF was a composite of cardiovascular death and HF hospitalization. In this study, we investigated the association between SUA and the risk of the primary outcome, each of its components, and all-cause mortality. All endpoints were adjudicated by a clinical endpoint committee in a blinded fashion. We also compared the effects of the randomized treatment on SUA 4, 12, and 24 months after randomization, as described below.
Statistical analyses
Baseline characteristics are presented as frequencies and percentages for categorical variables and means with standard deviation or medians with interquartile range for continuous variables. Differences in baseline characteristics were tested using 2 test for categorical variables and analysis of variance (ANOVA) or Kruskal-Wallis test for continuous variables. Use of loop diuretics at baseline was grouped in categories of furosemide equivalents: 40 mg furosemide = 20 mg torasemide = 1 mg bumetanide. Non-loop diuretics (primarily thiazide and indapamide) were categorized as 'other'.
Incidence rates for each outcome of interest are presented per 100 person years of follow-up. Event rates in each SUA quintile were estimated by the Kaplan-Meier method and compared using the log-rank test. Cox proportional hazards regression models were used to compare hazard ratios (HRs) with 95% confidence intervals (CIs) according to SUA quintiles. In multivariable models, the HR was adjusted for the following baseline characteristics: age, sex, race, region, systolic blood pressure, heart rate, ejection fraction, NYHA class, history of HF hospitalization, duration of HF, atrial fibrillation, diabetes, body mass index, prior myocardial infarction, prior stroke, eGFR, haemoglobin, sodium, albumin, randomized treatment (sacubitril/valsartan), diuretic dose, and log transformed N-terminal pro brain natriuretic peptide (NT-proBNP).
The association between SUA and each outcome was also assessed in an adjusted model using a restricted cubic spline with five knots using SUA of 7.0 mg/dL as reference. 3 For the risk of each of the outcomes, there were no interactions between SUA levels and sex. The proportional hazards assumption was evaluated using plots of Schoenfeld residuals vs. log time and found valid, as was the assumption of linearity of continuous variables.
Changes in SUA were assessed by repeated measures mixed model with the baseline score as a covariate, and treatment, region, time, and treatment by time interaction as fixed effects, with a common unstructured covariance for each treatment group.
Analyses were performed using Stata version 13 (Stata Corp., College Station, TX, USA) and SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). All P-values are two-sided, and a P-value <0.05 was considered significant.
Results
Of the 8399 patients randomized, 8213 had a SUA measurement at randomization. Mean SUA was 6.9 ± 2.0 mg/dL, 7.1 ± 2.0 mg/dL in men and 6.1 ± 1.8 mg/dL in women (P < 0.001) (distributions of SUA overall and according to sex and region are illustrated in the supplementary material online, Figures S1 and S2) . 
Serum uric acid and baseline characteristics
Patient characteristics according to quintile (Q1-Q5) of SUA are shown in Table 1 . There were many differences between patients with higher and lower SUA. Patients with higher SUA were slightly younger and much more likely to be male. North American and Western European patients were over-represented among those with higher SUA, as were patients of Asian and Black race. Although some differences were small, the patients with higher SUA had an overall profile suggesting more advanced HF. Specifically, duration of HF was longer, NYHA class and KCCQ were worse and a history of prior HF hospitalization was more common. LVEF, systolic blood pressure and eGFR were lower and heart rate and NT-proBNP were higher. Of interest, most co-morbidities were not substantially more common in patients with a higher SUA, except for atrial fibrillation (Q5 vs. Q1, 44.4% vs. 31.0%). Diuretic treatment was more frequent in patients with higher SUA (Q5 vs. Q1, 89.9% vs. 71.6%) and diuretic dose was also larger in those with higher SUA. Mineralocorticoid receptor antagonists were also used more often in patients with a higher SUA.
Serum uric acid and clinical outcomes
The rates of the clinical outcomes of interest according to baseline SUA quintile are shown in Table 2 and Figure 1 . These are shown in relation to SUA displayed as a continuous variable in Figure 2 . The primary composite outcome and both its components occurred more frequently in patients with higher UA concentrations although, after adjustment for other prognostic variables (including NT-proBNP, diuretic dose and eGFR) the increase in risk was only clearly seen in those with the highest levels (Q5, 8.6-17.1 mg/dL) using Q1 as reference. Spline analysis suggested a linear increase in risk above a serum concentration of around 7 mg/dL ( Figure 2) . Results were similar when including use of SUA lowering drugs at baseline in the multivariable model (supplementary material online, 
Effect of sacubitril/valsartan on outcomes according to serum uric acid level
The benefit of sacubitril/valsartan over enalapril was consistent across SUA quintiles for all outcomes of interest ( Table 3 ; supplementary material online, Figure S3 ).
Effect of sacubitril/valsartan on serum uric acid level
During the run-in period, SUA decreased when switching from enalapril to sacubitril/valsartan and remained lower in the sacubitril/valsartan group than in the enalapril group at 4, 12, and 24 months after randomization ( Figures 3-4 and Table 4 ). At 4 months after randomization, SUA was approximately 0.25 mg/dL (95% CI −0.33, −0.18) lower in the sacubitril/valsartan group and this difference persisted at 12 and 24 months.
Use of serum uric acid lowering agents before and after randomization
Very few patients (approximately 10%) were treated with a UA lowering agent at baseline and use did not vary according to SUA. UA lowering agents were initiated among 301 (7.3%) patients randomized to enalapril, as compared with 244 (6.0%) among those assigned to sacubitril/valsartan (between group P = 0.015).
Discussion
Although there are a number of reports of an association between high SUA and poor clinical outcomes in HF, it has not been clear whether UA is independently predictive when taking account of renal function and diuretic therapy, both of which increase UA and are themselves important markers of worse prognosis. More importantly, no prior report in patients with chronic HF included adjustment for natriuretic peptides, which are the single most powerful predictor of outcomes in HF. 6 Our study addresses these gaps in the evidence to date. We found that even after accounting for these other variables, SUA remained a predictor of both death and HF hospitalization, although this was only apparent at concentrations above approximately 7 mg/dL and thus was most apparent in patients in the highest SUA quintile. Notably, we observed this relationship between SUA and outcomes in patients extensively treated with beta-blockers and mineralocorticoid receptor antagonists, in addition to full-dose renin-angiotensin system blockade (in most prior studies patients had not been treated with these contemporary therapies). PARADIGM-HF included patients with less severe HF than in prior reports on the role of SUA, and PARADIGM-HF was also a much more geographically representative cohort.
10,11
The precise nature of the link between SUA and prognosis in HF has been uncertain. One possibility is that high SUA is an epiphenomenon and just a marker of reduced excretion due to renal impairment or higher diuretic dose. However, our data suggest there may be additional potential mechanisms as SUA remained a predictor of outcome after correcting for those variables. High Figure 2 Associations between serum uric acid level at randomization and outcomes. Adjusted for the following baseline variables: age, sex, race, region, systolic blood pressure, heart rate, ejection fraction, New York Heart Association class, history of heart failure (HF) hospitalization, duration of HF, atrial fibrillation, diabetes, body mass index, prior myocardial infarction, prior stroke, estimated glomerular filtration rate, haemoglobin, sodium, albumin, randomized treatment (sacubitril/valsartan), diuretic dose, and log N-terminal pro-brain natriuretic peptide. The reference is 7.0 mg/dL. CV, cardiovascular. SUA could also reflect increased xanthine oxidase activity and this, in turn, might result in oxidative stress which is thought to play a detrimental role in HF.
1 It has also been suggested that UA itself has direct effects likely to be harmful in HF. 12 For example, UA may have pro-inflammatory and proliferative actions and cause endothelial dysfunction. 2 Likewise, UA may be damaging in the kidneys. studies using xanthine oxidase inhibitors (which lowered SUA levels) have not shown clear clinical benefit in patients with HF. 7, 8 In the Impact of Oxypurinol in Patients With Symptomatic Heart Failure (OPT-HF) study including 405 patients with HFrEF, oxypurinol reduced SUA by ∼2 mg/dL at 24 weeks without any clinical benefit overall, although post hoc analyses suggested possible benefits in patients with SUA > 9.5 mg/dL (approximating to Q5 in the present analysis). 7 However, in the Effects of Xanthine in SUA contributed to the reduction in morbidity and mortality observed in PARADIGM-HF is unknown, given the many other beneficial mechanisms of action of sacubitril/valsartan. However, the possibility that lowering SUA might indeed be of value in HF cannot be excluded based on these findings. The mechanism of the effect of sacubitril/valsartan on SUA is unknown. While losartan is known to have an uricosuric action, this is not the case for other ARBs, including valsartan.
14,15 Inhibition of neprilysin may have such an effect as MDL 100,240, a dual neprilysin-ACE inhibitor, increased urinary UA excretion in a small (n = 12) study in human volunteers. 16 We also found a significantly lower use of UA lowering agents after randomization in the sacubitril/valsartan compared with the enalapril group, which may be an additional clinical benefit of angiotensin receptor neprilysin inhibition.
SUA levels may also reflect oxidative stress and SUA itself may increase expression of cytokines and chemokines. Unfortunately, we did not evaluate these pathways in PARADIGM-HF to see whether the effect of sacubitril/valsartan on SUA was accompanied by changes in markers of inflammation.
The question remains as to whether SUA is a marker rather than a mediator of outcomes and our findings of an association between SUA and outcomes do not necessarily reflect cause and effect.
17
Our study has other limitations. Not all patients had SUA measured at every time point during follow-up. Patients with an eGFR <30 mL/min/1.73 m 2 at screening, during the run-in period or at randomization were excluded, as were patients who experienced a decrease in eGFR >25% (amended to >35%) between screening and randomization. While measurement of SUA was pre-planned, not all of these analyses were. Finally, urinary UA was not measured.
In conclusion, SUA was an independent predictor of worse outcomes in PARADIGM-HF, even after multivariable adjustment. Compared with enalapril, sacubitril/valsartan reduced SUA and improved outcomes irrespective of SUA. 
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